Active transport and force generation, mediated by the collective operation of cytoskeletal motor proteins, is essential to build and maintain the spatial organization in living cells. Collective behaviors of motors were first addressed theoretically, predicting dynamic transitions where the velocity of movement changes abruptly [1] [2] [3] . Recently, a number of subcellular force-generating systems have been studied by a combination of theory and experiments [4] [5] [6] [7] . In these studies, novel behaviors including stop-and-go and bidirectional movement were reported in vitro and in vivo [8] [9] [10] [11] . Among the underlying principles for bidirectional cargo transport is the tug of war, where antagonistic motors work simultaneously by exerting force in opposite directions [3, 8, 12, 13] . The tugof-war scenario is also important for subcellular processes such as mitosis [9, 14] and nuclear [5] and spindle [15] oscillations, as well as axonemal motility [6] .
Here, by a combination of in vitro experiments and theory, we quantitatively characterize the collective dynamics of antagonistic motors. In particular, we realized an antagonistic arrangement of motors by generating antiparallel microtubule doublets and studied their movement in gliding motility assays on surfaces coated with high densities of kinesin-1 [16] (Fig. 1) . In this geometry, the lengths of the microtubules (MTs) in the doublet determine the numbers of motors that are available for force generation in both directions. Our setup allows us to use a single type of motor which has been well characterized on the level of single molecules [17] . In order to identify the key mechanisms underlying the collective behaviors of antagonistic motors, we developed a theory based on the physical properties of individual motors. We show that it is essential to include the finite stiffness of the motors [15] , in addition to the nonlinear force-velocity relationship and the load-dependent detachment rate of single motors [13] .
Stabilized MTs of fixed lengths ranging from 5 to 15 m were prepared by in vitro polymerization. MT doublets were formed by incubation with anti--tubulin antibodies which possess two tubulin binding sites [ Fig. 1(a) ]. In order to distinguish parallel from antiparallel doublets, we employed two-color polarity marking of MTs. Alexa-488 labeled MT seeds were created and subsequently subjected to a mixture of Alexa-488 and Rhodamin-labeled tubulin for MT elongation (see Methods in [18] ). MT extensions predominantly grew at the plus ends, resulting in uniformly labeled green MTs with additional red signals at the plus ends. This procedure allowed us (i) to unambiguously determine the MT polarities in the doublets, (ii) to precisely measure the MT lengths, and (iii) to count the number of cross-linked MTs from the fluorescent signals [Figs. 1(b) and 1(c) and [18] ]. At high motor density (about 500 kinesins=m 2 ), when fluctuations of the number of active motors are expected to be small compared to the number of available motors, the antiparallel MT doublets (4) 128103-1 Ó 2010 The American Physical Society adopted a unidirectional movement with a constant velocity and with the direction determined by the longer (or ''leading'') MT. In the following, the leading MT is characterized by length L 1 and the trailing MT by length L 2 . We systematically analyzed the doublet velocities as a function of the relative difference of MT lengths To investigate if transitions between slow and fast movement could be triggered on the level of individual doublets, we studied events where the lengths of MTs changed suddenly. We observed that doublets, which originally had a slow movement due to both MTs having about the same length, rapidly adopted a fast movement by spontaneously losing a small portion of one of the MTs [ Fig. 2(c) ]. We also found that fast doublets could be stopped when the length of the longer MT was reduced by laser cutting [ Fig. 2(d) ; see [18] for further examples]. From these results, we conclude that direct transitions between the slow and the fast branch can be induced by changes in filament length. This finding also rules out the possibility that fast doublet motion occurs because the trailing MT is simply ''carried'' by the leading MT while itself not interacting with the kinesin-1 motors.
In order to quantitatively understand the underlying principles of our experimental results, we developed a theoretical description for the movement of antiparallel MT doublets [ Fig. 3(a) ]. Motors are characterized by a force-velocity relation v m ðfÞ, where v m is the velocity of motion along a MT towards the plus end and f denotes the load force on an individual motor (f > 0 corresponds to a force in the minus direction). Motors are attached to a substrate by elastic linkers of stiffness k (''motor stiffness'') [15] . We consider the left and right MTs separately. For the left MT, the load force exerted by the elastic linker is f ¼ ky, where y is the linker extension. If the MT moves relative to the substrate with velocity v, this extension changes as dy=dt ¼ v þ v m ðfÞ. We now define the probability density p a ðy; tÞ for a motor with linker extension y to be attached to the left MT. Likewise, the probability density for a motor to be detached is denoted p d ðy; tÞ. The attachment probability obeys
where ! on and ! off are the motor attachment and detachment rates, respectively. A key ingredient of our theory is the fact that the detachment rate ! off depends on the load force experienced by a single motor [19] [20] [21] [22] :
where ! 0 is the detachment rate in the absence of load and f c is a characteristic detachment force. If the rate of linker relaxation for a detaching motor is fast compared to the rate of attachment, the distribution of detached motors relaxes to [15] 
where
tÞdy is the probability for a motor to be detached and A ¼ ½k=ð2k B TÞ 1=2 . In the steady state, @ t p a ¼ 0, @ t p d ¼ 0, and the doublet velocity v is constant. The average force exerted by a single motor on the left MT is then given by " f 2 ðvÞ ¼ " fðvÞ, where " fðvÞ ¼ Àk R 1 À1 yp a dy. The total force on 
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128103-2 the left MT is thus F 2 ¼ n 0 L 2 " f 2 ðvÞ, where n 0 denotes the linear density of motors that can attach to the MT. Accounting for the opposite orientation of left and right MTs, the average force exerted by a single motor on the right MT is " f 1 ðvÞ ¼ À " f 2 ðÀvÞ ¼ À " fðÀvÞ. The total force on the right MT is F 1 ¼ n 0 L 1 " f 1 ðvÞ, and, by neglecting viscous friction acting on the doublet [23] , the force balance reads
From Eq. (4), the doublet velocity can be determined as a function of the ratio of the MT lengths L 1 =L 2 and thus of
Normalized doublet velocities, obtained from numerical solutions to Eq. (4) (see [18] ), are shown in Figs. 3(b) and 3(c) for a simple choice of a piecewise linear forcevelocity relation [see inset in Fig. 3(c) ]. We first investigated the role of the motor stiffness k, which is the least known parameter, and its influence has often been neglected in previous studies [ Fig. 3(b) ]. In all cases, except for small k (below 1 pN=nm), two stable branches, corresponding to slow and fast movement, exist. In both velocity regimes, the doublet velocity increases with an increase in Á'. For small Á', the longer MT is leading and slow movement occurs with v ( v 0 . Here dv=dÁ' ' f s =v 0 , with characterizing the load dependence of the single motor velocity at the stall force. For large k > 1 pN=nm, fast movement with velocities v ' v 0 occur for a wide range of Á', and, for certain values of Á', both slow and fast movement coexist. For k ) 1000 pN=nm, a change in the motor stiffness no longer influences the doublet velocity curves.
For decreasing values of k, the slope dv=dÁ' of the fast branch increases while the width of the coexistence region decreases. We also investigated the influence of the single motor velocity v 0 on the doublet velocity curve [ Fig. 3(c) ].
In agreement with our experimental data, the range of Á' for coexistence is reduced as the velocity v 0 decreases. Note that in all our theoretical results the presence of the coexistence region in the doublet velocity curves is a robust result of our theory over a wide range of parameters (see [18] for variations of ! 0 , ! on , and f c ).
Beyond the equations presented above, we interpret the slow and the fast motility regimes as follows: On the slow branch, motor attachment is faster than motor detachment for both MTs (see [18] ). Therefore, motors are dominantly attached to the MTs. The difference in the number of motors attached to the left and right MTs is then proportional to the difference of MT lengths. Thus, the doublet velocities are slow for small Á'. On the fast moving branch, motors detach rapidly from the trailing MT (see [18] ) because they experience superstall load forces while motors on the leading MT remain attached. Therefore, the fraction of attached motors on the leading MT is much higher than that on the trailing MT, and the doublet velocity can reach values close to v 0 .
Our work shows that the load-dependent detachment is essential for the existence of the two observed branches of motility. Load-dependent detachment of infinitely stiff motors has been shown to suffice to capture key features of different biological processes like membrane tube formation, spindle [15] , and chromosome [24] , or meiotic nuclear [5] oscillations, as well as stochastic bidirectional cargo transport [13] . However, we find here that the motor stiffness k is also a key parameter. The doublet velocities observed in our experiments at both high and low ATP could be reliably predicted for a unique set of parameters only when taking into account the finite stiffness of the we note is an unexpectedly low detachment rate for the kinesin-1 construct used in this work; however, we consistently obtained this value in multiple measurements under our experimental conditions-see also [18] ). The solid lines correspond to locally stable steady states for which the slope dv=dÁ' > 0. Broken lines indicate unstable states with negative slope dv=dÁ' < 0. The force-velocity relation used is shown as an inset in (c). PRL 105, 128103 (2010) P H Y S I C A L R E V I E W L E T T E R S week ending 17 SEPTEMBER 2010 128103-3 molecular motors. Using a simplified piecewise linear force-velocity relationship for individual motors, we found that a motor stiffness of k ¼ 10 pN=nm provides the best agreement between experiment and theory. This choice generates the appropriate slopes of the stable branches [compare the black curve in Fig. 3(b) with Fig. 2(a) ] and can account for the changes of the doublet velocity curve due to changes in ATP concentration, which are described by changes of v 0 [compare Fig. 3(c) with Figs. 2(a) and 2(b) ]. We note, however, that for k ¼ 10 pN=nm the region of coexistence is larger than the one observed experimentally. We find that this difference disappears when we use a more complex, nonlinear, force-velocity relation based on a two-state stochastic model [25] [see lines in Figs. 2(a) and 2(b) ]. This forcevelocity relation quantitatively describes the singlekinesin-1 experiments reported in Ref. [17] but involves more parameters than the simpler piecewise linear relation (see [18] ). Using this nonlinear force-velocity relation we estimate a motor stiffness k ' 2 pN=nm. We can only speculate about the origin of the remaining discrepancy between this value and earlier estimates (k ' 0:5 pN=nm [26, 27] ). The difference could arise because of different assay conditions such as different methods of motor attachment to the surface. It is interesting to note that such a difference could also result from non-Hookian effects in the motor elasticity. In our model, such effects do not change the main results.
The pronounced sensitivity of the doublet velocity to the shape of the force-velocity relation suggests that nonlinearities in the mechanical properties of individual motors are emphasized in the collective motion of many motors. Therefore, our results provide an example for inferring certain physical properties of single molecules, like the negative velocity region (superstall force), by examining the behavior of many molecules acting collectively.
We have developed a novel assay based on antiparallel filament doublets to mimic the forces of antagonistic motors in vitro. Although experimentally more challenging, this assay can be extended towards scenarios where motors are softly coupled to their substrate, resembling vesicular transport, as well as where motors interact with dynamic MTs, resembling force generation in the mitotic or meiotic spindle. However, already in the geometry reported here, it will be interesting and straightforward to investigate motors of different processivities [28] (such as kinesin-1 under varied buffer conditions or nonprocessive kinesin-14, myosin-II, and axonemal dynein), motors of different directionality [8] , or motors of the same directionality but with different velocities [29, 30] . These behaviors, which play an important role in a number of cellular processes, naturally emerge in systems where motors operate antagonistically.
